To determine whether infectious diseases might have contributed to the present-day decline of northern fur seals (Callorhinus ursinus), preweaned pups (n52,735), subadult males (n598), and adults (n5179) were examined postmortem from 1986 to 2006 on St. Paul Island, Alaska. Gross necropsy findings and histologic lesions were used to determine causes of death. Five general categories of mortality were identified for pups: emaciation (1,454 pups, 53%), trauma (497 pups, 18%), perinatal mortality (516 pups, 19%), infectious diseases (82 pups, 3%), and miscellaneous causes (186 pups, 7%). A condition of unknown etiology characterized by multifocal necrotizing myopathy and cardiomyopathy was found in 92 pups. Thirty-three congenital anomalies were identified in 49 pups, including a rare multicentric ganglioneuroblastoma. General linear models were used to examine change in pup mortality and condition (i.e., pup mass) over time. The prevalence of perinatal mortality appeared to increase during the study and relative to past reports. Trauma and infectious conditions appeared to decrease slightly from 1986 to 2006. Although relatively stable during this investigation, emaciation was greater than that reported for past studies. Emaciated pups weighed less than expected during 1988, 1996, and 2004 and more than expected during 1987, 1989, 1990, and 1994 (P#0.003). Average annual weights for all other categories of mortality did not change significantly from 1986 to 2006. Fatal conditions for subadult males included hyperthermia, blunt trauma, entanglement, and bite wounds; nonfatal conditions included seizures, orange discoloration of the blubber, neoplasia, and parasitism. Causes of mortality for most adults included bite wounds with cellulitis and secondary infections, pulmonary edema, dystocia, blunt trauma, and neoplasia. We found no evidence to implicate infectious diseases as a cause in the recent decline of northern fur seals.
INTRODUCTION
The largest northern fur seal (Callorhinus ursinus) rookeries in the world are on two (St. Paul and St. George) of the five Pribilof Islands, Alaska, USA and comprise approximately 55% of the world's breeding population (Loughlin et al., 1994; Testa, 2007) . Since the Pribilof Islands were discovered in 1786 by the Russian explorer Gerasim Loginovich Pribylov, the fur seal population was nearly annihilated twice by overharvesting the animals for their pelts (Elliott, 1882) . In both instances the population rebounded when the harvest ceased.
Deliberate population reduction, including harvest of adult females from 1956 to 1968, resulted in a decline of fur seal pup production through the early 1980s (York and Kozloff, 1987) . Pup production remained relatively stable on St. Paul Island through the early to mid-1990s, with as many as 170,125 pups estimated during 1996 (York et al., 1996) . Pup production declined again during the late 1990s and, for unexplained reasons, has continued toTo elucidate possible causes of northern fur seal population decline, the goal of this investigation was to determine if infectious diseases were occurring in the population by assessing causes of mortality in pups, subadult males (SAMs; 2-4-yr-old males), and adults (over 4 yr of age) from St. Paul Island (57u159N, 170u209W; Fig. 1 ). Additionally, we examined how the composition of pup mortality and condition changed during that time period and compared the results with those of investigations conducted before the decline.
MATERIALS AND METHODS

Northern fur seal pups
Fresh dead northern fur seal pups were collected daily for 6 wk (first week of July through the second week of August) on St. Paul Island from 1986 to 2006. Due to logistic difficulties (e.g., disturbance, fur seal aggression), carcasses were retrieved using a rope noose attached to a 6.0 m bamboo pole from catwalks that were built in the mid-1950s over two (Reef and Vostochni) of the 12 rookeries on the Island. Between 2004 and 2006, 10 extensions (10-12 m in length) were added to the original catwalks because fewer dead pups could be retrieved from within the rookeries. All pups were taken to the National Marine Mammal Field Laboratory in the city of St. Paul for postmortem examination. Each pup was weighed to the nearest 0.2 kg as a measure of body condition. Multiple tissues (brain, heart, lung, thymus, trachea, thyroid glands, stomach, intestine, pancreas, lymph nodes, spleen, kidneys, adrenal glands, skeletal muscle, gonads, nasal turbinates, skin, and bone) from a subsample of pups were collected and fixed in 10% neutral buffered formalin each year, embedded in paraffin, sectioned at 5 mm, and stained with hematoxylin and eosin. Additionally, multiple tissues (brain, heart, liver, kidney, skeletal muscle, and bone) were collected and frozen from normal pups and from pups with multifocal necrotizing myopathy and cardiomyopathy (MNMC). Tissues from these pups were analyzed for trace minerals (cadmium, copper, cobalt, magnesium, iron, molybdenum, selenium, silver, and zinc) and levels of vitamins A and E at the Colorado State University Diagnostic Laboratory, College of Veterinary Medicine and Biomedical Sciences, Fort Collins, Colorado, USA. Heavy metals (arsenic, lead, and mercury), aromatic hydrocarbons levels, and organochlorine levels also were determined using methods of Krahn et al. (1986 Krahn et al. ( , 1992 and Johnson (1998) . These tests were performed at the California Animal Health and Food Safety Laboratory System, Davis, California, USA. Similar tissues were collected from pups that did not exhibit MNMC and used as controls.
Gross necropsy findings and histologic lesions were used to determine the cause of death (COD) for each pup. Five general categories of COD were defined: emaciation (E), trauma (T), perinatal mortality (PM; death at time of birth or within 24 h of birth), infectious conditions (I), and miscellaneous causes (M), which included MNMC. Pups that died as a result of perinatal mortality were further classified as premature (P), stillborn (S), neonatal mortality (NM), or those having a congenital anomaly (CA). Fully formed fetuses that were #3 kg and had minimal to no hair were defined as premature. These pups usually were born alive and often lived a few hours. Pups of normal size and weight at parturition, but dead at birth were classified as stillbirths. Additional criteria used for classifying stillbirths included noninflated lungs and meconium filling the colon. Neonatal mortality was defined as death within 24 hr of birth. These pups typically had fully aerated lungs, meconium in the colon, and a fresh umbilical stalk.
Statistical analyses for pups
To examine the composition of pup COD categories over time, data from both rookeries were pooled. Additionally, trauma (sharp and blunt) and PM categories were pooled, whereas categories containing few samples (M and CA) were removed from the dataset, allowing for more power to estimate model parameters. A multinomial logit model (VGLM package, R 2.4.0) was then used to fit count data for each COD factor (E, I, PM, and T) as a function of year. This model, also referred to as a vector GLM, is a generalized logistic regression that uses iteratively reweighted least squares with nominal dependent categories. Probabilities of all categories were examined relative to emaciation as the baseline or comparison category because it was the most common COD. Fitted model values and proportion of pups for each COD category were simultaneously plotted over time to investigate temporal trends.
To further investigate the condition of pups, which also can serve as an indicator of adult female condition, separate linear models were used to examine pup weight as a function of year for each COD (doBy package 2.1; R 2.4.1) after examining histograms and q-q plots for the response variables and residual plots for final models. All significance levels were Bonferroni corrected to account for 19 yr (a50.05/n).
SAMs and adult fur seals
From 1986 to 2006 an estimated 30,000 SAMs were killed in a subsistence harvest to provide food for the local Aleut community on St. Paul Island (Zimmerman and Letcher, 1986) . During these subsistence harvests, the carcasses and viscera of most of these animals were quickly examined for evidence of disease. Subadult seals were weighed to the nearest 0.1 kg, standard length and axial girth were measured to the nearest 1.0 cm, and canine teeth were removed to estimate age using methods of Arnbom et al. (1992) . Stomachs from a subset of these animals were collected and brought to the laboratory in St. Paul. Stomachs were opened along the greater curvature, the number of gastric nematodes were visually estimated (light/+ 5,25, moderate/++525-50 and heavy/+++5 .50), and the stomach wall was palpated for the presence of parasitic nodules and examined for ulcers. Warthin Starry silver stains for Helicobacter spp. were examined from gastric ulcers from 10 animals. Furthermore, all SAMs that died from causes other than clubbing were taken to the field laboratory for a detailed postmortem examination.
During routine work in and around rookeries and haulout areas, other SAMs and adult females were opportunistically collected and taken to the field laboratory for postmortem examination; adult males were examined in the field. Morphometrics coupled with teeth measurements were also used to infer ages of these animals (Arnbom et al., 1992) . Similar to pups, tissues from selected subadult and adult seals were collected for histopathologic examination. Although not the purpose of this investigation, swabs for bacterial culture were collected incidentally from tissues that had gross lesions suggesting bacterial infection. Swabs were plated on commercial media (5% sheep red blood cell agar, Columbia, MacConkey II and Tetrathionate w/BG) and incubated at 37 C for 24-48 h (Fisher Scientific Media, Houston, Texas, USA). Isolated bacteria were identified by plating on apiH 20E strips (Fisher Scientific Media) and incubated at 37 C for 24 hr. For logistic reasons, swabs were collected only during 1991 and 1995 and may not have been a representative sample of the 20 yr covered by this project.
RESULTS
Causes of mortality for pups
Fresh dead pups (mean5130/yr, SD577, range539-364, n52,735) were examined at necropsy. The number of pups examined per day of effort averaged 4.3 and ranged from 1.3-14.6 (Fig. 2) . The number of pups examined per day tripled in 1990; this was associated with MNMC.
Emaciation: Emaciation was the most common COD and was observed in 1,454 (53%) pups. The annual percentage of pups with emaciation varied from 28-70% and displayed a cyclical pattern or stable to slightly increasing trend (Fig. 2) . Emaciated pups were dehydrated with severe depletion of subcutaneous adipose layers (Fig. 3) . The heads of these pups were disproportionately large relative to their emaciated bodies. Bile was commonly found in the stomach and in segments of small intestine and colon; otherwise the digestive tract was empty. The thymus had undergone moderate to severe atrophy. Skeletal muscle and liver were dark and atrophied.
Secondary to emaciation, 406 emaciated pups sustained various types and severity of trauma. The majority of emaciated pups with blunt trauma had lesions on the head. Blunt trauma to the abdomen was common and resulted in multiple hepatic fractures and hemoperitoneum. Bite wounds (n5145 pups) were most common on top of the head and neck, followed by the chest, shoulders, and pelvic area.
Trauma: Trauma was the primary COD in 497 (18%) of the 2,735 pups and varied (10-28%) annually (Fig. 2) . The sex ratio of pups in this category was relatively equal and most pups were in good to excellent body condition. Two general types of traumatic wounds were observed, including blunt trauma or crushing wounds (n5316) and sharp trauma or bite wounds (n5181).
Blunt trauma to the head was found in 166 pups and was characterized by subcutaneous hemorrhage, fractures of the skull, hyphemia, subdural and epidural hemorrhage, and brain swelling. Blunt FIGURE 3. The top pup is in excellent body condition and was killed by blunt trauma to the head; the lower pup died from emaciation. Bar520cm. trauma to the chest was found in 59 pups and was characterized by edema and hemorrhage of the thoracic wall, pulmonary edema and hemorrhage, and occasionally lacerations of the lung parenchyma. Cardiac tamponade was found in three of these pups, which resulted from a rupture of the left ventricle (one pup), right ventricle (one pup), and right atrium (one pup). Fractures of the ribs and limbs were rarely found. Blunt trauma to the abdomen was observed in 91 pups and characterized by multiple fractures of the liver with hemoperitoneum. Blunt trauma to the abdomen of pups with a stomach full of milk occasionally resulted in regurgitation, aspiration of milk, and death due to asphyxiation. Two pups with a stomach full of milk received severe blunt trauma to the abdomen, which caused a tear in the stomach wall resulting in milk filling the abdominal cavity. Another pup had three complete ruptures of the small intestine causing peritonitis.
Of the 181 pups with sharp trauma (bite wounds), 139 were infected with microorganisms and 42 were not. The bite wounds of these latter pups were extremely severe and resulted in immediate death. Bite wounds were most common on the head and characterized by small to large lacerations or puncture wounds of the skin with varying degrees of damage to surrounding soft tissue.
Cellulitis secondary to bite wounds was commonly located on top of the head and neck. This condition occasionally was associated with suppurative meningoencephalitis, secondary to penetration of a tooth into the brain (Fig. 4) . Bite wounds to the chest often penetrated into the thoracic cavity causing pyothorax, pleuritis, pneumonia, and occasionally pneumothorax. Bite wounds to the abdomen, flank, and pelvic region that penetrated into the peritoneal cavity usually caused peritonitis.
Perinatal mortality: Four types of perinatal mortality were observed in 516 (19%) of the 2,735 pups examined, including premature births (n556; 2%), stillbirths (n5252; 9%), neonatal mortality (n5168; 6%), and congenital anomalies (n540; 2%; Fig. 2 ).
Gross lesions were found in 34 of the premature pups and included hemorrhage and bruising of the head, fractures of the liver with hemoperitoneum, and pulmon- ary edema. Nine premature pups that were fresh and had no gross lesions were examined histologically. Five of these pups did not have any histologic lesions, three had a mild suppurative placentitis, and one had multiple histologic lesions including encephalitis, pneumonia, and placentitis.
Gross lesions were found in 191 of the stillborn pups and included acute hemorrhage and bruising in subcutaneous tissues over the head, mild to severe subdural hemorrhage, fractures of the skull, hemorrhages of the thoracic wall, and fractures of the liver with hemoperitoneum. Sixty-three stillborn pups were examined histologically; inflammatory lesions were found in only 17 pups: placentitis (n512), placentitis with pneumonia (n51), placentitis with enteritis (n51), pneumonia (n51), pulmonary edema (n51), and mild hepatitis (n51). Tissues from stillborn pups were in an excellent state of preservation histologically, suggesting most pups died just prior to or during parturition. Tissues from the other 46 pups examined histologically were free of lesions.
Gross lesions were found in 133 of the 168 pups that were placed in the neonatal mortality category. Gross lesions were similar to those found in the stillbirths. No gross lesions were found in the remaining 35 pups. Tissues from 15 of these pups were examined histologically. Mild placentitis was found in four pups and one of these pups also had a mild suppurative pneumonia. The remaining 11 pups were free of histologic lesions.
Thirty-three different congenital anomalies were found in 49 of these 2,735 pups. Some of these pups had an anomaly that was compatible with life, but died from other causes. The majority of congenital anomalies were in the musculoskeletal system, but anomalies were found in other organ systems: cardiovascular, nervous, digestive, urogenital, special senses, and integument (Table 1) .
One pup had a multilobulated tumor within the wall of the stomach (Fig. 5) .
The tumor was composed of poorly to well-differentiated ganglion cells. Atypia and high nuclear-to-cytoplasmic ratio were observed in some of the neoplastic cells (Fig. 6 ). The mitotic index was extremely low with one mitotic figure per 5-6 high power (403) fields. This tumor was compatible histologically with a multicentric ganglioneuroblastoma (Maxie and Youssef, 2007) .
Infectious diseases: Eighty-two (3%) of the 2,735 pups examined died from infectious conditions (Fig. 2) . Bacteria were the primary etiological agents in these cases. Pneumonia was the most common infection, found in 42 pups. A beta-hemolytic Escherichia coli (E. coli) was isolated from the lungs of 11 pups with pneumonia. All of the pups with pneumonia were in good to excellent body condition. Omphalophlebitis with varying degrees of peritonitis was the second most common infection, found in 27 pups. Three of these pups had a rupture of the urachus as it passed through the abdominal wall, which resulted in uroperitoneum. Several pups with omphalophlebitis also had secondary hematogenous pneumonia and/or suppurative polyarthritis. Hookworm (Uncinaria lucasi) infections were found on gross examination in 16 pups. All but one of these animals died from other causes. Anemia (observed on gross examination) was only found in one pup with hookworms during 2005. This pup was found dead following 2 days of severe weather. Eleven pups had gross evidence of enteritis; however, only five were confirmed following histopathologic examination. Escherichia coli, Hafnia alvei, and an alpha Streptococcus sp. were the primary organisms isolated from pups with enteritis. The small intestines of these pups were characterized by reddening of the serosal and mucosal surfaces with no gross evidence of hookworms. Lastly, acute gastritis was found in six pups in which the stomachs were filled with 200-400 ml of gray, sour milk. Multicentric ganglioneuroblastoma in heart, base of heart, and stomach.
Miscellaneous: One hundred eighty-six pups died of miscellaneous causes (Fig. 2) . Ninety-four of these pups either did not appear to have gross lesions, gross lesions were overlooked, or the pup was too autolytic to conduct an acceptable gross necropsy. The remaining 92 pups had multifocal necrotizing myopathy and cardiomyopathy (MNMC). With the exception of two cases, pups with this condition originated from Reef rookery during 1990. Clinical signs observed in pups with MNMC on the rookery included weakness, dyspnea, immobility, and inability of the pup to hold its head up. Body condition of the pups varied from emaciated to excellent. The only consistent gross lesion was in skeletal muscle and myocardium. Lesions were characterized by multiple, linear (2-3 mm), white foci randomly scattered throughout the skeletal muscle, especially the intercostal muscles, diaphragm, and muscles of the neck (Fig. 7) . Of the 92 pups with MNMC, 23 also had similar lesions in the myocardium. Of these 23 pups, 16 also had pulmonary edema. Myocardial lesions were predominately in the left ventricle and rarely in the right ventricle. A third of the pups with MNMC also had other lesions including trauma, pneumonia, omphalophlebitis, aspiration of foreign material, bite wounds/cellulitis, and vegetative endocarditis. All pups with MNMC were counted only once and included in the miscellaneous COD category.
Histologic lesions of MNMC were characterized by multifocal areas of necrosis of myocytes and myocardial cells. Sarcolemmal nuclei were pyknotic, whereas others were swollen. The myocytes were swollen and hypereosinophilic with loss of cross-striations. The altered contractile sarcoplasma was fragmented and contained numerous small basophilic granules scattered throughout the cell (mitochondrial calcification). Regeneration of myocytes and myocardial cells was not observed. Infiltration of inflammatory cells was minimal and included a few macrophages and lymphocytes (Fig. 8) . The tumor is composed of poorly to well-differentiated ganglion cells and compatible histologically with a multicentric ganglioneuroblastoma. There is some atypia and high nuclear-to-cytoplasmic ratio. H&E stain. Bar550mm.
Vitamins A and E, trace minerals, heavy metals, aromatic hydrocarbon levels, and organochlorine values did not differ between six pups with MNMC and five unaffected pups (Krahn et.al., 1986 (Krahn et.al., , 1992 Johnson, 1998) .
Model results for pups
Overall, the percentage of pups with emaciation slightly increased from 1986 to 2006. Results of the multinomial logit model indicated that cases of perinatal mortality (t54.05) increased over time at greater rates relative to emaciation (t50.00), whereas infection (t524.91) and trauma (t523.32) decreased relative to emaciation (residual deviance5134.72; df551; Fig. 9 ).
Average annual weights ranged from 4.1-5.3 kg (mean54.7, SD50.29) for all dead pups. With the exception of ema- ciated pups, average annual weights for each COD category did not significantly deviate from their respective grand mean for all years. Emaciated pups weighed less than expected during 1988, 1996, and 2004 and more than expected during 1987, 1989, 1990, and 1994 (Table 2) .
Causes of mortality and other observations in subadult males (SAMs) and adults SAMs: From 1986 to 2006, 98 SAMs were examined (excluding those killed during the harvest). Causes of death included hyperthermia, entanglement, blunt trauma, and bite wounds/cellulitis, whereas nonfatal conditions included seizures, a salmon-orange discoloration of the blubber layer, neoplasia, and parasitism.
Most cases of hyperthermia and blunt trauma were associated with the subsistence harvest. Hyperthermia was the COD in at least 40 (41%) of the 98 SAMs. Early signs of hyperthermia included open-mouth breathing and vigorous waving of the hind flippers. These symptoms progressed to weakness, total prostration, terminal convulsions, and death. Gross lesions included mild pulmonary edema and congestion; histologic lesions were not found in animals that were hyperthermic for less than 3 h prior to death. One male experienced hyperthermia for at least 4 h. When he was found (comatose) following a harvest his temperature was 42.2 C and it was estimated he had been in the center of the pod of seals to be harvested for about 1 h. The seal was taken to the sea surf and emerged in cold water multiple times. Within 1 h his temperature dropped to 36.1 C, but he went into convulsions and died 3 h later. Gross lesions consisted of brain swelling, severe pulmonary edema, and petechiae of the brain, thymus, lungs, heart, liver, gall bladder, stomach, and pancreas, and serosa of small and large intestine, kidney, urinary bladder, and muscles. Histologic lesions were characterized by mild to extensive multifocal areas of acute hemorrhage and coagulative necrosis in all the organs in which petechiae were noted on gross examination. Many neurons of the cerebrum, cerebellum, and brain stem had acute necrosis.
An unusual phenomenon characterized by convulsions lasting for 10-15 seconds was observed in SAMs as they were being gathered into large groups (1,000-2,000 animals) for the subsistence harvest. This phenomenon was observed six times in the last 20 yr. Of these, five animals recovered, but one died. This individual was not hyperthermic nor were gross and histologic lesions found.
The National Marine Mammal Laboratory (NMML, NOAA Fisheries, Seattle, Washington, USA) and the Prescott Stranding Grant Program fund the capture of SAMs that are entangled with fish netting, packing bands, and other ocean debris (Fig. 10) . Rescue teams capture the seals, remove entanglements, and release them. However, six animals died 30-60 min after release or were found dead the next day. All of these disentangled seals had severe lacerations caused by the entanglements (Table 3; Figs. 11 and 12). Four SAMs killed during the subsistence harvest had salmon-orange colored subcutaneous blubber layers instead of the normal, white, opaque blubber. The orange color was confined to the lipid layers and not present in other tissues such as the sclera of the eye or the wall of the aorta. These animals were in excellent body condition and had no gross or histologic lesions.
Three SAMs killed during the subsistence harvest had a single, white firm mass (2-5 cm) in subcutaneous tissues of the trunk. These animals appeared healthy prior to harvest. Histologically, two of these masses were interweaving bundles of well-differentiated, fusiform cells with elongated nuclei surrounded by finely fibrillar cytoplasm. Mitotic figures were not observed. These tumors were classified as subcutaneous fibromas. A 2-cm Wrapped around shoulder, strands had cut through muscles of right shoulder and halfway through the mid-portion of the humerus (Fig. 12) mass in the skin of the trunk of one animal was characterized by multiple cords of neoplastic squamous cells. Mitotic figures were rare (Fig. 13) . Many of the neoplastic cells had large irregular eosinophilic cytoplasmic inclusion bodies and with electron microscopy discrete viral particles compatible with a parapoxvirus (Muller et al., 2003; Nollens et al., 2006) . This tumor was classified as a well-differentiated squamous cell papilloma associated with a parapoxvirus. No evidence of metastasis was found.
Nematodes were commonly found in the stomach of SAMs. Of the stomachs examined (n56,850), 12% had no visible parasites, 86% had light infections, 2% had a moderate, and only 0.07% had heavy infections. Three types of gross lesions were found in stomachs, including nodules, active ulcers, and healed ulcers. Gastric nematodes (larvae and adults) were Anisakis spp. and Contracaecum osculatum. Nodules (2-20 mm diameter) were located within the gastric mucosa and covered by intact epithelium. These lesions were composed of pyogranulomatous inflammation, fibroplasia, and fragments of parasitic cuticle. Active ulcers were raised nodules with a reddened ulcerated center (2-15 mm diameter) and occasionally had viable nematodes embedded within the ulcerated center. Active ulcers penetrated deep into submucosa and were surrounded by an infiltration of macrophages, plasma cells, lymphocytes, neutrophils, eosinophils, multinucleated giant cells, and fibrosis. Active ulcers had numerous fragments of FIGURE 12. Humerus of a 4-yr-old subadult male that had high seas drift net monofilament line entangled around the shoulder. Note extensive boney bridging over channel cut through the humerus by the monofilament line.
FIGURE 13. Photomicrograph of subcutaneous mass from 3-yr-old male northern fur seal. Note cords of neoplastic squamous epithelial cells with large cytoplasmic inclusion bodies. H&E stain. Insert: Electron micrograph of discrete viral particles compatible with a parapoxvirus. Bar5100nm. dead and viable parasites embedded deep within the bed of the ulcer and within the submucosa. Healed gastric ulcers (2-15 mm diameter) were similar, but did not have viable nematodes within the ulcerated center. However, fragments of parasitic cuticle surrounded by macrophages and multinucleated giant cells were found deep within the submucosa. Ulcers that penetrated the stomach wall or local peritonitis adjacent to the stomach were not found in any of the animals (Spraker et al., 2003) . A beta Streptococcus sp. was isolated from two active gastric ulcers, whereas bacterial organisms compatible with Helicobacter spp. were not found on histologic examination in gastric ulcers from 10 SAMs.
The ileocecocolic junction of the intestinal tract was opened and examined quickly in 272 SAMs with 23 having a heavy infection of tapeworms (Diphyllobothrium spp., likely D. pacificum; Dailey, 1986) , 66 had a moderate infection, 169 a low infection, and 14 had no tapeworms. Minimal inflammation was found in the lamina propria in tissue sections from SAMs with a heavy tapeworm burden.
Mild to severe infections by Orthohalarachne attenuata were found on the nasal turbinates of at least 600 SAMs. Histologic lesions associated with these mites were characterized by a mild lymphoplasmocytic rhinitis. Orthohalarachne diminuata also was found in the trachea and bronchi of most SAMs killed during the subsistence harvest.
Several incidental lesions found in healthy SAMs were characterized by circular areas of alopecia, mild focal areas of fatty degeneration of the liver, and splenic capsular fibrosis. Histologically, the areas of alopecia had minimal inflammation within the dermis; an etiological agent could not be visualized in hair follicles or on the surface of the epithelium of the skin. Sections from five spleens from harvested animals were examined histologically and microfilariae were found in the red pulp of three spleens. No further work was done to identify the microfilariae, but they probably were Dipetalonema odendhali (Perry and Forrester, 1971) .
Three albino males (3-6 yr old) were observed during 2006 (n51) and 2007 (n52). All had light blond pelage and appeared to be in fair body condition. Two of the animals appeared to have severe visual impairment; one was blind (Fig. 14) .
Adults: Adult females were collected from the rookeries (n5110), isolated beaches (n52), and the subsistance harvest (n520). Bite wounds and dystocia were the most common COD in 110 adult females collected from rookeries. Bite wounds with cellulitis were found in 81 (74%) of these animals. Lesions were characterized by gaping lacerations in the skin, primarily on the shoulder, flank, lower back (lumbar region), or pelvic girdle. Most bite wounds had gross evidence of infection and emphysema occasionally was present. Infected bite wounds in the flank or pelvic region usually spread to the mammary glands and caused suppurative mastitis. Infections of the subcutaneous tissues and muscle layers often followed fascial planes. Peritonitis secondary to penetrating wounds to the abdominal cavity was found in several cases. In several females the skin had been torn, exposing large areas of subcutaneous tissues. These females usually were in good body condition. Several species of bacteria were isolated from the subcutaneous tissues of bite wounds, but the most common were a Streptococcus sp. and E. coli.
Six types of dystocia were found in 18 (16%) of the adult females, which were in good body condition. Five females had a single tear (3-10 cm) at the cervicalvaginal junction or within the vaginal wall with secondary evisceration of small intestine. In four females, the fetus was in an abnormal presentation within the uterus. The fetuses were folded back with the shoulders located at the cervical opening (shoulder presentation). Unable to give birth, the females became exhausted, went into shock, and died. In four of the 18 cases, small females had a large fetus weighing $6.0 kg. The uterine wall of these females had torn, resulting in delivery of the pup and placenta into the abdominal cavity (Fig. 15) . The umbilical cord was tightly twisted suggesting pups were alive for a time when they were in the abdominal cavity. Two females had a torsion of the uterus (180u) and two females had a prolapsed uterus. An extremely unusual dystocia was found in a fresh female during the summer of 2004. This female had a term fetus (3.7 kg) within the uterus that had undergone severe autolysis (probably dead for 1-2 wk). The placenta from this fetus had totally detached and was necrotic. There also was an irregular circular mass (1.5 kg) within the abdominal cavity, which was surrounded by extensive adhesions of the mesenteries and to the serosa of the small intestine. This mass (a mummified fetus) was covered with hair and contained wellformed bones. No other lesions were found in these 18 females except for a few nematodes in the stomach, cestodes at the ileocecocolic junction, and nasal mites.
Miscellaneous COD (hemorrhagic gastritis, pulmonary edema, neoplasia), illegal kill, and entanglements were observed less frequently for adults. Two to three females entangled with fish netting or with packing bands around the neck or shoulders were observed each year on Reef and Vostochni rookeries. These females often abandoned their pups following parturition. Because entangled seals were not found dead on the rookeries or haulout areas, it was assumed they died at sea. Two females estimated to be $10 yr old died from neoplasia. One female had a large mass in the left adrenal gland. This tumor had metastasized into local lymph nodes and had spread into the right adrenal gland. The masses in the adrenal gland and surrounding lymph nodes were identical and diagnosed as an adrenal cortical carcinoma. The other adult female had a dysgerminoma of the ovary with metastasis to the uterus, oviduct, and liver.
Twenty females were mistaken for SAMs and killed during the subsistence harvest. All were healthy and in good body condition. Ten of the 20 females were young (3-5 yr old), had early follicular activity, and a quiescent uterus with no evidence of previous pregnancy. The other 10 (age .5 yr) had indications of previous pregnancy, which was characterized by moderate thickening of one of the uterine horns. The endometrial surface of the previously pregnant horn had a brownish discoloration (reabsorbing hemorrhage). These females were approximately 2-4 wk postparturient. The ovaries had early follicular activity and a small amount of thick milk was present in the larger lactiferous ducts of the mammary glands.
We examined 47 adult male northern fur seals ($5 yr old), which were accidentally killed during the subsistence harvest or found dead on haulouts or rookeries. Causes of mortality included pulmonary edema (n53), clubbing (i.e., harvest; n52), gunshot (n51), and fighting-related injuries (n541). Three fresh bulls (8-10 yr old) had severe pulmonary edema, subcutaneous hemorrhage, and minor bite wounds, but no other gross lesions. The two bulls (6 yr old) accidentally killed during the subsistence harvests (2000 and 2006) had no additional gross lesions other than the presence of several nematodes in the stomach with no gastric ulcers. One bull (8 yr old) had been shot with a 22 caliber rifle; the bullet entered the upper chest just below the thoracic spinal column and had lacerated the aorta resulting in hemothorax and exsanguination. The primary COD in the remaining 41 bulls were associated with fighting injuries. Massive lacerations with secondary cellulitis of subcutaneous tissues of the neck, shoulders, or anterior portion of the front flippers were found in these bulls, which were in fair to good body condition.
Nonfatal congenital conditions were found in seven adult males. Agenesis of one of the front flippers was found in two bulls (one during 1987 and the other during 2002) estimated to be at least 5-8 yr of age. These bulls were missing a front flipper that was replaced by a small stump covered by a smooth, normally haired surface. The stump appeared to be congenital agenesis of the flipper and not a traumatic amputation. Both animals were clumsy on land, but were in good body condition, suggesting they were successful foragers. Two bulls with brachycephalism were observed (one during 1990 and the other during 1992). Both bulls appeared to be in good body condition and had a normal mandible, but the maxilla was approximately 3-5 cm short. The upper canine teeth appeared to be in a normal direction, whereas the lower canines splayed out laterally.
DISCUSSION
Northern fur seal pups
Emaciation: Comparisons of results from this study with those of earlier investigators suggest the overall percentage of pups with emaciation or starvation has increased since the 1890s. During the late 19th century, Uncinaria, followed by starvation and blunt trauma were the three most important causes of death on St. Paul Island (Lucas, 1899) , whereas later investigators reported 36-38% of pup mortality was a result of starvation (Doyle, 1957; Keyes, 1965a, b,; 1977) . The suspected causes of starvation were not reported in these papers, but the authors implied it was associated with abandonment of the pup by the female. Causes of emaciation and starvation in pups during our investigation were likely multiple and might have been related to factors affect-ing pups, females, or both. Factors directly affecting pups that could lead to failure to nurse could include weak pups at the time of birth due to conditions such as low birth weight, dystocia, and trauma, or failure of the pup to bond to the female. Factors affecting the female that could lead to starvation of the pup include death of the female, malnutrition, failure of the female to bond to the pup, or abandonment of the pup.
Emaciation and starvation of pups could have increased over the years if pregnant or lactating females were nutritionally stressed due to commercial fisheries or environmental perturbations in the North Pacific and Bering Sea affecting the abundance, availability, or quality of food (Trites and Larkin, 1989; York, 1995) . Body mass is an indicator of per capita prey abundance and provides insights into environmental conditions experienced by fur seals (Trites and Bigg, 1992) . It was expected, therefore, that weights of emaciated pups would be less during El Niñ o years or years of unusual environmental conditions. Furthermore, if females were malnourished, then pup abandonment (possibly reflected by the amount of neonatal mortality) and the number of underweight stillbirths also should have increased during El Niñ o years, but that was not observed upon analysis of data.
Trauma: The overall percentage of pup mortality from trauma decreased during this study, but probably has not changed much over the last 100 yr. However, other investigators only briefly described gross lesions of trauma (Jordan and Lucas, 1899; Lucas, 1899; Doyle, 1957; Keyes, 1965a Keyes, , b, 1977 . During this investigation trauma typically resulted from pups wandering through the rookery or attempting to nurse from inattentive females. Blunt trauma usually was inflicted indirectly by territorial bulls engaged in activities associated with defending or acquiring new territories on the rookery, whereas subadult and nonterritorial males and females directly inflicted sharp trauma (bite wounds). These bite wounds were associated with multisystemic infections (cellulitis, pleuritis, pyothorax, peritonitis, polyarthritis, vegetative endocarditis, or meningoencephalitis).
Perinatal mortality: Unlike previous investigators (Doyle, 1957; Keyes, 1965a Keyes, , b, 1977 who reported little evidence of perinatal mortality, it was common during this study and accounted for 19% of pup mortality. This difference might be a result of the timing of sample collection or study objectives. During this investigation, perinatal mortality occurred during early pupping season (early July), whereas previous investigators collected pups later in the season (mid-July to mid-August) when more pups were available and easier to collect. Additionally, perinatal mortality might not have been documented if previous investigators were primarily focused on infectious diseases.
Causes of perinatal mortality were difficult to determine during this investigation because there can be multiple factors or etiological agents involved, some of which affect only the female or placenta. Intrauterine bacterial infections were one of many causes of stillbirths and neonatal mortality. Furthermore, histologic lesions and potentially pathogenic bacteria, which were isolated from lung and stomach of pups, support the assertion that infectious agents were one of the causes of perinatal mortality.
Probably the most common cause of stillbirths and neonatal mortality was dystocia, which seemed to be more common in small females with large pups (e.g., 1.0-1.5 kg above normal weight). Another type of dystocia was associated with blunt trauma to the head. Females were observed giving birth to pups in anterior presentation (head first) with the head visible and the shoulders of the pup at the level of the female's pelvic girdle. Females would spin around in an attempt to sling or deliver the pup and sometimes slap the head of the pup against a rock, rendering the pup unconscious and unable to breathe following delivery. These stillborn pups had mild to moderate hemorrhage over the surface of the skull and brain. Congenital anomalies are rare in domestic and wild animals. Few congenital anomalies have been reported in marine mammals. Leipold (1980) published a list of 145 congenital anomalies from wild and zoological mammals, of which seven were from marine mammals including one fur seal (ectrodactyly-lack of all or parts of the digits). Additionally, two nonfatal anomalies were reported in California sea lions (Zalophus californianus; Sweeney and Gilmartin, 1974) and 17 congenital anomalies were reported in phocids (Csordas, 1966; Griner, 1983; Baker, 1984; Suzuki et al., 1992; Trupkiewicz et al., 1997) . The types of congenital anomalies found during this investigation varied from year to year with no specific pattern observed. The percentage of congenital anomalies observed in this study (1.6%) was similar to rates (0.5% to 1.6%) reported for fur seals in previous reports (Keyes, 1965a (Keyes, , b, 1977 and only slightly greater than rates (,1.0%) reported by Leipold (1980) . Although congenital neoplasia is an extremely rare condition in humans and animals, two neoplasms (renal fibrosarcoma and lymphosarcoma) were previously reported in fur seal pups from St. Paul Island (Brown et al., 1975; Stedham et al., 1977) . Albeit interesting, the rare multicentric ganglioneuroblastoma found during this investigation probably had no significance to the overall population.
Infectious diseases: Fibrinopurulent bronchopneumonia associated with a hemolytic E. coli was the most common bacterial disease found during this study. Pups with pneumonia were in good body condition, suggesting the duration of pneumonia was relatively short. Pneumonias appeared more common during rainy summers when more puddles of water accumulated on the rookeries. Pups play in these puddles, get trampled by adult males protecting their territories, and accidentally inhale dirty rookery water, which can cause an acute fibrinopurulent bronchopneumonia (Spraker, pers. obs.) . Indeed, there appeared to be a positive trend if the percentage of pups suffering from pneumonia (F53.730, P50.069) and overall infection (F58.031, P50.011) were examined relative to precipitation data collected from the NOAA Weather Observation Station on St. Paul Island (http://www. ncdc.noaa.gov/oa/climate/stationlocator. html; Fig. 16 ). The small amount of variation explained by the analyses can probably be attributed to other factors, including rookery topography (e.g., allowing for puddle formation, shelter, etc.), number of fur seals present on land, and other environmental conditions.
The acute gastritis (sour stomach) found in these pups could have been acquired by nursing from females that had bacterial mastitis. Accidental ingestion of dirty rookery water from puddles by a pup that has recently nursed also might cause this acute gastritis. Considering the degree of contamination (e.g., feces, urine, and decaying carcasses) on the rookeries and the high density of animals, the number of dead pups examined with infections and infectious diseases was extremely low and corroborated other studies (Doyle, 1957; Keyes, 1965a Keyes, , b, 1977 .
Uncinariosis was an important cause of mortality in northern fur seal pups on St. Paul Island in the past (Keyes, 1965a, b) . Hookworms were first observed in fur seals by Lucas in 1897 (Lucas, 1899; Stiles, 1901) . Hookworm enteritis was a significant cause of mortality in fur seal pups during the mid-1900s (Doyle, 1957; Lyons, 1963; Keyes 1965a Keyes , b, 1977 , but not a significant cause of mortality during this investigation (Lyons et al., 2000) . Spraker et al. (2007) suggested that hookworm infection in California sea lions is a density-dependent disease and that the life cycles of Uncinaria spp. are likely sensitive to sea lion population density. The marked decrease of Uncinariosis during this study might be due to the fur seal population decline. Additionally, the decrease of Uncinaria may have coincided with the decline of fur seals because less rookery space occurred on sandy substrate, an optimal habitat for the worm (Olsen, 1958; Lyons et al., 2005) .
The etiologies of enteritis in this study were probably bacterial. Salmonella spp. were first documented in northern fur seals in the mid-1950s (Doyle, 1957) , but the primary organisms isolated from pups with enteritis during this study were hemolytic E. coli, Hafnia alvei, and an alpha Streptococcus sp. The reddened serosal and mucosal surfaces of the six pups that did not have enteritis on histologic examination probably died in a terminal stage of shock and had visceral pooling of blood. The incidence of enteritis was considered to be extremely low considering the environmental conditions of the rookeries. Keyes (1965a Keyes ( , b, 1977 reported enteritis (not associated with hookworms) in 1.6% of 2,522 pups he examined, compared to only 0.2% of the pups we examined. Earlier investigators may have observed a greater prevalence of enteritis due to a greater incidence of hookworm infections.
The pathogenesis of omphalophlebitis usually is due to an infection of the umbilical cord following birth, but occasionally can be an intrauterine bacterial infection. Umbilical infections can spread easily into the abdominal cavity via the umbilical vein and arteries, causing peritonitis, which often leads to bacteremia and occasionally pneumonia and polyarthritis. Omphalophlebitis was found in 1% of the pups we examined. Considering Doyle (1957) reported 0.75% and Keyes (1965a Keyes ( , b, 1977 reported 2.1%, it appears the overall percentage of pups dying from omphalophlebitis has not changed over the years.
Miscellaneous conditions: The gross and histologic lesions of MNMC were similar to those of domestic animals with white muscle disease (Hulland, 1993) . The epidemiology, gross lesions, and histopathology suggested the etiology was not an infectious agent. Because results of analyses for vitamin A and E, trace minerals, heavy metals, aromatic hydrocarbons, and organochlorine were similar between affected and control pups, they were not considered possible etiological agents. It is possible that a toxic substance interfered with vitamin E metabolism or produced lipid peroxidation, which could have caused MNMC. The infrequent, yet predominant occurrence of MNMC at one rookery suggests the tide or ocean cur-rents might have transported and deposited a toxic substance on shore and the substance could have been absorbed through the hairless flippers. Alternatively, MNMC of fur seal pups might have been associated with a biotoxin transferred in the mother's milk. This is possible because females from different rookeries forage in specific regions of the ocean (Robson et al., 2004) . Biotoxins cause mortality and deleterious effects in pinnipeds (Keyes, 1965a, b; Scholin et al., 2000) , but a specific agent for MNMC was not identified during this investigation.
Subadult males (SAMs) and adults
SAMs: Literature describing COD for SAM and adult northern fur seals other than being killed for their pelts was not found (Elliott, 1882; Marsh, 1912; Keyes, 1965a, b; York and Hartley, 1981) . Hyperthermia was the leading COD in SAMs during this investigation. The causes of hyperthermia associated with the subsistence harvest are complex. Excessive muscular activity in warm weather (air temperature .10 C) can easily lead to hyperthermia in any species of mammal (Spraker, 1993) . Northern fur seals appear to have an extremely efficient mechanism for conserving internal body heat. Their primary means of heat dissipation include open-mouth breathing and waving the hind flippers. Overheating usually occurred when SAMs were gathered from the haulout areas for the harvests. At least three factors might have predisposed seals to hyperthermia, including environmental conditions during the harvest, management of the animals during the harvest (gathering and holding pods), and condition of the animal prior to the roundup (e.g., whether the animal just returned from a foraging trip or had been resting for several days; Gentry and Holt, 1986; Sterling and Ream, 2004) .
Convulsions in northern fur seals have been observed only six times in the last 20 yr (Spraker, pers. obs.) . These convulsions were associated with disturbance during the gathering of SAMs for the subsistence harvest. This phenomenon was observed and recorded in the late 1890s by Jordan (1898) , who documented that ''seals are paralyzed by fright… they lie on rocks as if in a fit, their bodies twitching, eyes rolled back, neck stiff and thrown back-helpless. When checked in several hours they are gone.'' The causes of these seizures were idiopathic. This condition might have resulted from individuals being trampled by other fur seals and sustaining mild head trauma. On the other hand, these individuals might have had previous neuronal damage secondary to head trauma, hyperthermia, or exposure to low levels of various biotoxins such as domoic acid (Scholin et al., 2000) . However, histologic sections of brain, including the hippocampus of the fur seal that died, were free of lesions. It is also possible that fur seals experienced a massive sympathetic neuronal outburst of the brain, resulting in convulsions when they were suddenly disturbed (Spraker, 1993) .
The cause of the salmon-orange discoloration of the blubber layer of four SAMs is unknown. Possibilities include ingestion of an orange pigment in the diet or an altered breakdown product of metabolism of carotene or vitamin A. There was no evidence of liver damage and the distribution of the color was not typical of an icteric animal. In all other aspects, these animals appeared healthy.
Three of the approximately 30,000 SAMs killed in the subsistence harvest during this study had subcutaneous neoplasia, including two subcutaneous fibromas and one well-differentiated squamous cell papilloma, which might have been caused by a parapoxvirus. Histologic lesions were similar to those caused by a parapoxvirus infection described in California sea lions (Nollens et al., 2006) . These three tumors were relatively small at the time of death of the seals and did not present a health problem. However, the tumors might have grown and caused problems later in life.
Parasitism was common in SAMs and included nasal and bronchial mites, gastric nematodes, intestinal cestodes, and an unidentified microfilaria found in the red pulp of the spleen. Parasites seemed to cause little harm to these SAMs. Active gastric ulcers associated with nematodes have been described (Schroeder and Wedgeforth, 1935; Baylis, 1936; Johnston and Ridgeway, 1969; Migaki et al., 1971; Howard et al., 1983) , but these authors did not mention the inflammatory nodules and healing ulcers. Nematodes found during past studies were the same as those found in this investigation, but appeared to be at lower levels. Further description of gastric parasitism in northern fur seals has been published (Spraker et al., 2003) .
Adults: Literature was not found regarding nonhuman related mortality of adult female northern fur seals other than when they were deliberately killed from [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] in an attempt to increase pregnancy and survival rates because it was believed that maximum sustained productivity would occur with a lower population (Elliott, 1882; Marsh, 1912; Keyes, 1965a, b; York and Hartley, 1981) . Bite wounds with secondary cellulitis were the most common COD for adult females found in the rookeries. Bite wounds were inflicted by territorial bulls when females attempted to leave their territory or move through the rookery. This appeared to be more common just before and after ovulation based on examining the uterus and ovaries of the seals. Territorial bulls have been observed biting females in the lumbar region and pelvic girdle and throwing them back into their territory or attempting to steal them from other territories. The most common bacteria isolated from bite wounds were Streptococcus sp. and E. coli. This was expected because this organism is commonly isolated from pinnipeds (Dunn, 1990) .
The primary COD in adult bulls was associated with fighting wounds and secondary cellulitis. Causes of pulmonary edema were not determined, but this condition has been associated with hyperthermia induced by the subsistence harvest during roundups. Hyperthermia in these bulls might be secondary to fighting activity.
The second most common COD in females was dystocia. Causes of dystocia varied and were associated with large fetuses, abnormal fetal positions, and size or age of females. Uterine or vaginal tears in females might have been caused by blunt trauma. The female could have sustained blunt trauma to the abdomen during parturition or just prior to parturition from territorial bulls. It is also possible that seals with uterine or vaginal tears suffered from convulsions caused by exposure to biotoxins such as domoic acid (Scholin et al., 2000) . One unusual dystocia was in a female that had twins, an extremely rare occurrence. During midto-late pregnancy the uterine wall of this female ruptured; one fetus escaped into the abdominal cavity, died, and mummified, whereas the other fetus survived in the opposite uterine horn until term and then died. The intact, dead intra-uterine, full-term fetus probably caused a toxemia in the female, which lead to her death. Tumors are extremely rare in freeranging mammals. Two tumors have been reported in captive adult northern fur seals, including a squamous cell carcinoma of the prepuce and penis and a granulosa cell tumor of the ovary (Griner, 1983) . During this investigation, two adult females had malignant neoplasia; one had an adrenal cortical carcinoma, which spread to the surrounding tissues and the other a dysgerminoma of the ovary with metastasis to the uterus, oviduct, and liver. These findings are interesting, but probably of little significance for the health of the population.
Nonfatal congenital anomalies were observed in bulls estimated to be $6 yr old. The two bulls with agenesis of the front flipper compensated on land and were able to feed efficiently, evidenced by the fact they were in good body condition. The adult bulls with brachycephalism also were in good body condition. The brachycephalism did not interfere with their ability to fight or defend territories. This anomaly also was observed for an adult male Steller sea lion (Eumetopias jubatus) on Forrester Island, Alaska (Spraker, unpubl.) .
CONCLUSIONS
When this project was initiated, the primary focus was to investigate the possibility that hookworm disease was responsible for the mortality of pups as reported in the mid-1900s (Doyle, 1957; Lyons, 1963; Keyes 1965a Keyes , b, 1977 . Hookworms did not appear to be a problem during this investigation and are therefore not a probable cause for the present decline (Lyons et al., 2000; Spraker et al., 2007) . Similar to other pinniped populations inhabiting Alaskan waters that have suffered from unexplained declines, including Steller sea lions (Burek et al., 2005) and Pacific harbor seals (Phoca vitulina; Springer et al., 2003) , there was no evidence to implicate other infectious diseases as a mechanism for northern fur seal decline over the past 20 yr.
Since the late 1970s, mortality rates of northern fur seal pups up to 4 mo old have been less than 10% on the Pribilof Islands (Loughlin et al., 1994) and have ranged from 2.8% to 4.7% on St. Paul Island since the early 1990s Loughlin et al., 1994; Antonelis et al., 1996; York et al., 1997 York et al., , 2000 York et al., , 2002 . These low estimates, coupled with our findings, suggest that pup mortality prior to weaning and mortality of older age classes while on shore had negligible effects on the population. It is important, therefore, to focus on estimating mortality rates that occur while animals are at sea. For example, after observing the same rookeries on St. Paul during standardized dates over a period of 20 yr, it appears that fewer young females are returning to the rookeries (Spraker, pers. obs.) . Because juvenile mortality and lack of recruitment into the breeding population has been an important component driving population change in other pinniped populations (York, 1994; Holmes and York, 2003; McMahon et al., 2005) , this observation deserves further attention.
